Introduction
Micellar electrokinetic capillary chromatography (MECC), has proved to be a highly efficient separation method for the determination of neutral compounds. Applying the same instrumentation as in capillary zone electrophoresis, in MECC uncharged compounds can be separated based on differences in their partitioning between two phases, just as in chromatographic techniques. Since the introduction of MECC by Terabe et al. [1, 2] , several authors have paid attention to the fundamental characteristics of this separation method [3, 4] and to the effect of different separation parameters on the migration behavior [5] [6] [7] [8] [9] [10] [11] . Also the theoret-the solute in the micellar and the aqueous phase, and ts, tEO F and tMC are the migration times of the solute, the electroosmotic flow (EOF) and the micelles, respectively. All neutral compounds will migrate with an overall linear velocity, Vs, according to:
where mEO v and E are the electroosmotic mobility and the applied field strength, respectively. They will be detected within the time interval between tEo F and tMC [2] , which is called the elution window. Under conditions of a constant field strength, the elution window is determined by the electroosmotic mobility, mEOF, and the effective mobility of the micelles, mMC, according to:
tEOF mEOF -I-mMC
The elution window, i.e. tMC/tEOF, can be increased by increasing IrnMcl or by decreasing mEO F. If the absolute value of the effective mobility of the micelles exceeds the electroosmotic mobility, the elution window becomes negative.
As described by Vindevogel and Sandra [4] , three different migration modes can be distinguished. If tMC/tEO F ~ 0, all compounds will migrate to the detector, which is called the normal mode. If IMC/tEO F ~ 0, only compounds for which holds k < -(tMC/tEOF) will migrate to the detector. This mode is called the restricted elution mode. Compounds for which holds k > --(tMC/tEOF) will migrate in the opposite direction. In order to detect these compounds a reversed polarity will have to be applied, which is called the reversed direction mode.
Resolution equation
The basic resolution equation for the resolution, Rs, between two closely eluting peaks (assuming k~.k I =k2) in MECC is given by [2, 4] : formed by the product of the last two terms in Eqn. (4):
Graphs of f(k) versus k in the normal mode
show that increasing the elution window with a given retention factor leads to a higher value of f(k) [2] . For each value of the elution window, the optimum retention factor, kopt, can be calculated by differentiating Eqn. (5) with respect to k [12, 16] :
In the restricted elution mode and in the reversed direction mode the contribution of f(k)
to the resolution can reach much higher values than in the normal mode. However, this will lead to long analysis times, especially for compounds with a retention factor close to --(tMC/tEor) [6] .
Thus, assuming a constant efficiency and the selectivity being determined by the nature of the surfactant system, the resolution is mainly influenced by the elution window and the retention factors of the sample compounds. Therefore a good understanding of the effects of different experimental conditions on both these variables is important for the development of MECC analyses and for resolution optimization strategies. In this work, we studied the influence of the applied field strength, buffer pH, ionic strength, capillary surface modifications, alkyl chain length of the surfactant, surfactant concentration and organic modifier content on the elution window and the retention factors of uncharged compounds in MECC.
Experimental

Instrumentation and separation conditions
All experiments were carried out on a BioFocus 3000 Capillary Electrophoresis System (BioRad, Hercules, CA, USA) at a constant temperature of 25°C. The wavelength of the detector was set at 200 nm. Pressure injection was carried out with an injection constant of 2 psi.s. All experiments were carried out with a constant voltage, with the anode placed at the inlet side and the cathode at the outlet side of the capillary, respectively. Two different fusedsilica capillaries of 50/xm I.D. were applied; an original BioRad standard capillary, total length 50.0 cm, distance between injection and detection 45.5 cm, and a capillary from Supelco (Bellefonte, PA, USA), total length 70.0 cm, distance between injection and detection 65.4 cm. For some of the experiments several different coated fused-silica capillaries of 50/zm I.D. were applied; a C~ coated capillary from Supelco (CElect-H250, Bellefonte, PA, USA), a methyl silicone coated capillary and a polyethylene glycol coated capillary, both from Chrompack (Middelburg, The Netherlands), all with total length 70.0 cm, distance between injection and detection 65.4 cm. All experiments with the BioRad standard capillary were carried out three times, except for the experiments with the organic modifiers, which were carried out two times. The reported values are the average values.
Samples and solutions
All chemicals were of analytical-reagent grade. In Table 1 the compositions of the background electrolytes at different pH values are listed. To these buffer solutions 50 mM sodium dodecyl sulphate (SDS) was added, unless otherwise noted. Eight aromatic compounds were selected as sample compounds, covering a wide range of hydrophobicity. All sample compounds were dissolved at a final concentration of about 0.0005 M in a 50 mM SDS solution. Formamide was used as a neutral EOF marker and Sudan III as a micelle marker to measure tEo F and tMc, respectively.
Results and discussion
I. Applied field strength
According to Eqn. (2) the velocity of the sample compounds is linearly related to the applied field strength. Although a linear relationship was obtained at low field strengths, a positive deviation was observed at field strengths above ca. 200 V/cm. At a higher field strength the generated electric power will increase. Due to Joule heating, the mean temperature in the capillary will increase, which in turn will result in a decrease of the viscosity of the electrolyte solution. Both the electroosmotic mobility and the effective mobility of the micelles are inversely proportional to the viscosity.
The specific conductivity of thc electrolyte solution, K, can be calculated by Ohm's law:
7J-r K where V is the applied voltage, l and r are the length and the radius of the capillary, respectively, and I is the measured electric current. Since the specific conductivity is inversely proportional to the viscosity, the electric current will proportionally increase if the viscosity decreases at a higher field strength. Therefore, a linear relationship was obtained for field strengths up to 400 V/cm between the velocity of the sample compounds and the measured electric current with regression correlation coefficients larger than 0.999. In Table 2 the measured electric current, the calculated specific conductivity, the electroosmotic mobility, the effective mobility of the micelles and the corresponding values for the elution window are listed for the different applied voltages.
Buffer pH and ionic strength
In fused-silica capillaries, the EOF originates from the dissociation of the surface silanol groups of the capillary wall. Therefore the electroosmotic mobility is dependent on the pH of the background electrolyte and, according to the double layer theory, also on the ionic strength. In Fig. 1 the pH dependence of the EOF is illustrated for phosphate buffers. As expected, a sigmoidal curve was obtained for mEO v versus pH, also for the phosphate buffers containing 50 mM SDS. The lower mEO F obtained with the buffers containing 50 mM SDS at high and intermediate pHs is due to an increase in viscosity and ionic strength of the electrolyte systems. The more slightly decrease observed at lower pHs is due to adsorption of SDS on the inner wall of the capillary. For a given surfactant, the effective mobility of the micelles can be expected to be almost independent of pH [6] . In order to examine the influence of buffer pH and ionic Table 2 Applied voltage, V (kV), measured electric current, 1 (/zA), specific conductivity, K (S/m), electroosmotic mobility, mEo v (10 5 cm2/Vs), effective mobility of the micelles, mMc (10 5 Table 3 all calculated electroosmotic mobilities, effective mobilities of the micelles, corresponding values of the elution window and retention factors of the eight sample compounds are listed. As can be seen from these results the electroosmotic mobility is dependent on pH and ionic strength, whereas the effective mobility of the micelles and the retention factors of the compounds are virtually constant for a given surfactant concentration. Of course this only applies for uncharged compounds in MECC. For charged compounds, the degree of dissociation and hence the retention factor may be strongly influenced by the pH of the electrolyte system [17] . The retention factors obtained with 100 mM SDS are less than twice those obtained with 50 mM SDS for all compounds, which is inconsistent with theory. Due to a higher electric current with the 100 mM SDS electrolyte system, the mean temperature in the capillary will increase. This will cause a decrease of distribution constants and retention factors of the sample compounds [18, 19] . In Fig. 2 the relationship between tMc/tEO F and mEO F for the experiments, listed in Table 3 , is illustrated.
From the foregoing it can be concluded that for a given separation of neutral species with a specific surfactant, the pH of the electrolyte system can be used to optimize the elution window in MECC. This is demonstrated in Fig.  3 , where the electrokinetic chromatograms are shown for the separation of the sample mixture in an electrolyte system of 0.01 M TRIS-boric acid at pH 8.5 and 0.01 M TRIS-acetic acid at pH 4.9, respectively. In order to determine the effective mobility of the micelles and to be able to calculate retention factors with the low mEo F at pH 4.9, Sudan III was injected at the outlet side of the capillary by electrokinetic injection with 10 kV for 10 s, after the hydrodynamic injection of the sample mixture at the inlet side of the capillary. In Table 4 all measured migration times and calculated retention factors are listed. From these results it can be calculated that a change in tMC/tEO F is obtained from 3.43 to -2.08 if the pH of the electrolyte system is lowered from 8.5 to 4.9. Consequently a higher resolution is obtained, however, at the cost of a longer analysis time. Notice that in Fig. 3A all compounds are migrating in the normal mode. In Fig. 3B resorcinol and phenol are migrating in the restricted elution mode, whereas Sudan III is migrating in the reversed direction mode.
Capillary surface modifications
Besides the composition of the electrolyte system, the electroosmotic mobility can be controlled by modification of the capillary surface [20] [21] [22] . To investigate the influence of several surface modifications in MECC, the sample mixture was analysed with one uncoated and three different coated fused-silica capillaries in a 0.01 M TRIS-phosphoric acid electrolyte system at pH 7.0. In Fig. 4 all electrokinetic chromatograms are shown. The C~8 and the polyethylene glycol coated capillaries showed a decrease in mEo ~, resulting in a larger elution window. However, also a decrease in efficiency was observed, probably due to solute-wall interactions. The methyl silicone coated capillary showed an increase in mEov, resulting in a smaller elution window. Toluene, 1,2-xylol, propylbenzene and Sudan III could not be detected, owing to adsorption of these compounds on the polymer coating. These results suggest that only for a limited number of compounds the application of coated capillaries in MECC may be advantage-OHS.
Alkyl chain length of the surfactant
For micelles, the effective mobility will be strongly dependent on the nature of the surfactant. A shorter alkyl chain will lead to a reduced aggregation number and consequently to a reduced effective charge, but also to a reduced micelle size [23] . Both these factors influence the mMc in an opposite way. Moreover, the mEO F is also influenced by the nature of the surfactant. At equal surfactant concentrations, the phase ratio will decrease if a surfactant with a shorter alkyl chain is applied, due to an increase in the critical micelle concentration and a decrease in the partial molar volume of the micelles (see Eqn. 9), resulting in a decrease of the retention factors. Therefore the elution window and the retention factors cannot independently being optimized by changing the alkyl chain length of the surfactant.
Surfactant concentration
The retention factor is related to the distribution constant, K c, and the phase ratio,/3, according to:
The phase ratio can be calculated according to:
where VAO and VMC are the volume of the aqueous phase and the micellar phase, respectively, ~7 is the partial molar volume of the micelles, CSF is the surfactant concentration and CMC is the critical micelle concentration. Under normal MECC conditions the numerator of Eqn. (9) is approximately equal to 1, leading to:
Thus the retention factor is linearly related to the surfactant concentration [2] .
To investigate the influence of the phase ratio on the retention factors and the elution window, experiments were carried out with an electrolyte system of 0.01 M TRIS-MOPS at pH 8.2, containing different concentrations SDS, ranging from 30 mM to 100 mM. For the retention factors versus concentration SDS linear graphs were obtained with regression correlation coefficients larger than 0.997. As can be seen from the results, listed in Table 5 , both mEo F and Im~cl decrease with increasing surfactant concentration, due to changes in viscosity and ionic strength. The increase in viscosity will be partly compensated by Joule heating with a higher electric current (see also section 3.1., Applied field strength). Here it should be noted that in capillary electrophoretic techniques a distinction can be made between bulk viscosity (important for muc ) and wall-surface viscosity (important for mEOF) [24] . We assume that bulk viscosity will be more influenced by Joule heating than wall surface viscosity. As a result, a small increase of the elution window is observed at higher surfactant concentrations as also reported by others [4, 25] . Terabe et al. [20] , however, reported a small decrease of the elution window, Table 5 Eiectroosmotic mobility, mEo F (10 -5 cm2/Vs), effective mobility of the micelles,mmc (10 5 cm2/Vs), values for the elution window, tMC/tEOV, and measured electric current, I (/xA), at different SDS concentrations, CSD s (mM which may be due to differences in thermoregulating the capillary. In Fig is observed.
Organic modifiers
Generally in MECC hydrophobic compounds show retention factors much larger than kop t. The separation of these compounds can be improved by the addition of an organic modifier to the background electrolyte in order to decrease their retention factors to more favourable values. Moreover, the elution window will be extended by the addition of organic modifiers [10, 11] . To study the influence of different organic modifiers in MECC, experiments were carried out with an electrolyte system of 0.01 M TRIS-boric acid at pH 8.5, containing different amounts of methanol, acetonitrile or urea. The migration times of the micelles for these experiments were calculated by an iteration procedure, applying the migration data of a homologous series of alkylbenzenes [19, 26] . In Table 6 all calculated values for the electroosmotic mobility, the effective mobility of the micelles and the corresponding elution windows are summarized. At a methanol concentration above 20% (v/v) the restricted elution mode was obtained and tMC could no longer be determined. A decrease in mEo F and ImMcl is observed at increasing modi- Table 6 Electroosmotic mobility, mEo r (10 _5 cm2/Vs), effective mobility of the micelles,mMc (10 5 tier concentrations, due to changes in the viscosity and the dielectric constant of the electrolyte systems. Moreover, the micelle structure and hence mMc will be influenced by the addition of an organic modifier. As a result, an increase in the elution window is observed with increasing concentrations of methanol, acetonitrile or urea.
In reversed-phase high-performance liquid chromatography it has been shown that the variation of the retention factor, k, with the volume fraction of organic solvent in the aqueous-organic mobile phase, ~b, is reasonably well described by [27] : Ink = A + Bth + C~) 2 (11) where A, B and C are constants for a specific solute and eluent combination. For a small range of solvent compositions Eqn. (11) can be approximated by
In k = A + Bth (12) Although in MECC small changes in the phase ratio may occur, due to the influence of organic modifiers on micelle structures, for methanol and urea a linear relationship was obtained between the logarithm of the retention factor and the concentration modifier in the background electrolyte, as shown in Fig. 6 . For acetonitrile a 2nd order relationship was obtained. From Fig. 6 and Table 6 it can be concluded that with an increase in modifier concentration a decrease in retention factors as well as an increase in elution window is obtained, resulting in a better resolution for hydrophobic compounds. As an example in Fig.  7 parts of the electrokinetic chromatograms are shown of the separation of alkylbenzenes with different amounts of methanol. As can be clearly seen a better resolution is obtained for strongly hydrophobic compounds migrating near tMc at higher concentrations methanol, due to both a decrease in retention factor and an increase in elution window.
Conclusions
The overall linear velocity of neutral sample compounds was shown to be linearly related to the measured electric current. According to the resolution equation both the elution window and the retention factor influence the resolution in micellar electrokinetic capillary chromatography. These variables are often simultaneously affected by the experimental conditions and hence they cannot be controlled independently in many cases. The results demonstrate that the resolution of uncharged compounds can be improved by adjusting different separation parameters. The elution window can be increased by decreasing the pH of the electrolyte system, whereas the retention factors of the compounds remain fairly by changing the surfactant concentration. An increase in elution window as well as a decrease in retention factors can be obtained by the addition of an organic modifier to the background electrolyte, resulting in a better resolution for strongly hydrophobic compounds. For methanol and urea a linear relationship is obtained between the logarithm of the retention factor and the modifier concentration whereas for acetonitrile a 2nd order relationship is obtained.
